Abstract. A three-phase thermofluid-dynamic model was employed to simulate the behavior of collapsing volcanic columns and related pyroclastic flows. The model accounts for the mechanical and thermal nonequilibrium between a gas phase and two solid phases representative of particles of two different sizes. The gas phase has two components: hot water vapor leaving the vent and atmospheric air. Collisions between particles of the same size were accounted by a solids elasticity modulus, whereas a semiempirical correlation was employed to account for particle-particle interactions between particles of different sizes. The gas phase turbulence was modeled by a turbulent subgrid scale model. The partial differential equations of conservation of mass, momentum, and energy were solved numerically, by a finite difference scheme, on an axisymmetric physical domain for different granulometric compositions at the vent. Simulations were limited to particles of few hundreds microns, and therefore to dilute flows, in order to mantain a reasonable computational load. Results show the formation of the initial vertical jet, column collapse, building of a pyrocl•stic fountain followed by the generation of a radially spreading pyroclastic flow, •nd the development of convective instabilities from the upper layer of the flow which lead to the formation of coignimbritic or phoenix clouds. The analysis of the spatial and temporal distributions of the two solid phases in the different parts of the domain shows nonequilibrium effects between them and allow us to quantify important emplacement processes as pyroclast sedimentation •nd ash dispersion. In particular, the importance of coupling effects between the two solid phases leads to relevant differences between the behavior of columns with one or two solid phases. A significant influence of the granulometric composition was observed on the pyroclastic flow runout, flow thickness, and particle distribution in the flow and phoenix cloud. The results from simulations appear to be qualitatively in agreement with simple laboratory experiments and field observations.
The purpose of this paper is to present an extension of the above mentioned models able to describe pyroclasts by two distinct solid phases representative of two different particle sizes. The model describes, on an axisymmetric physical domain, the temporal behavior of a three-phase mixture, constituted by a gas phase of water vapor and air and two solid particulate phases. Simulations were performed both with one and two particle sizes in order to highlight the effect of the granulometric composition on the investigated phenomena. Model results allow us to quantify the nonequilibrium processes in the various regions of the flow and to give more realistic estimates of the main physical processes that characterize collapsing columns and pyroelastic flows.
Description of Governing Equations and Numerical Scheme
The numerical simulations of pyroelastic flows carried out in this work are based on a thermofiuid-dynamic model where a set of partial differential equations account for mass, momentum, and energy balance of one gas phase and two solid particle phases representative of two different grain sizes. The model is based on previous works by Gidaspow 
where Pg is the gas pressure, T is the stress tensor, g is the gravitational body force, Dg,• is the gas-solids drag coe•cient, and Dk,j is the drag coe•cient between the particulate phases k and j (k,j = 1,2, j • k). -Qk(Tk-Tg), k-1,2 (9) of the gas phase but ignores the modulating effect on A general formulation of the solid stress tensor that accounts for the void fraction, velocity flow fields, pressure, and all the other local physical properties of a multiphase mixture does not exist today [Gidaspow, 1994] .
In the present study the effective particulate phases stress tensor is composed of a viscous and coulombic portion and can be expressed by Drag and heat interphase coefficients. The drag coefficient between the gas and the kth (k -1,2) particulate phase, Dg,k, was expressed by well- where e is the restitution coefficient after a particleparticle collision, and c• is a coefficient that accounts for nonhead collisions.
The heat transfer coefficients between the gas and 
Finally, it should be noted, as discussed above, that the model ignores the water vapor condensation effect in the atmosphere. Simulation results suggest that this effect occurs after several minutes from the beginning of the eruptions and particularly with high water vapor contents and large particle sizes due to the less effective heat transfer between the phases. At that time the simulations were stopped.
Initial and Boundary Conditions and Solution

Procedure
The solution of the above described model equations was performed on a two-dimensional axisymmetric domain with appropriate initial and boundary conditions, as shown in Figure 1 . The physical domain involves a radial extent L and a vertical extent H, whereas the computational domain includes an additional external frame to specify the boundary conditions. The vent, of diameter Dr, is located in the lower left-hand corner of the computational grid. Initially, a standard atmosphere vertically stratified in pressure and temperature was considered all over the domain. The vent pressure, velocities, volumetric fractions, and temperatures of the three phases were assumed to be fixed and constant. Furthermore, in order to simplify the analysis, the three phases were considered in thermal and mechanical equilibrium at the vent. At the symmetry axis, r = 0, the radial gradients of all dependent variables were set to zero. At the ground boundary (z = 0), no mass and heat transfer are allowed, whereas the no-slip condition is assumed for the gas and solids velocity. At the upper and right outlet boundaries the mass, momentum, and energy fluxes are assumed to be continuous and correspond to free outflow and inflow of the gas-pyroclasts mixtures. Simulations were stopped when large inflow 
Results
Several simulations were performed in order to investigate the main effects of the particle size distribution at the vent on the large-scale behavior of collapsing columns and pyroclastic flows. In this section results from only three selected simulations are presented due to the large amount of information contained in each one. However, the reported large-scale effects were observed in all the performed simulations and therefore can be considered representative of a general trend. In the following, results are essentially presented in order to discuss the effects of the multiphase formulation of the solid particles, whereas we refer to previous works about the effects of vent conditions [Neri and Dobran, 1994] systems [Wilson, 1980 [Wilson, , 1984 Gidaspow, 1994; Kunii and Levelspiel, 1995] . As reported above, in order to simplify the analysis, the three phases were also considered in thermal and mechanical equilibrium at the vent and the two particulate phases were assumed to have the same microscopic density. The last assumption appears to be consistent with fluidization studies that indicate in the particle size rather than in the particle density the main parameter controlling the behavior of a gas-particle system [Kunii and Levelspiel, 1995] . Under these assumptions, the three simulations investigate At the vent the phases are assumed to be in thermal and mechanical equilibrium (P The most relevant feature of this column is the strong mechanical and thermal coupling between the gas and solid phases. This is essentially due to the very small particle size that causes large drag forces and heat exchange between the two phases. This favors also the formation of quite thick pyroclastic flows with a very low tendency to segregate particles. The formation of the phoenix column is also very effective and is characterized by a high volumetric content of particles. The phoenix column also appears to strongly slow down the pyroclastic flow limiting its maxilnum runout. In addition, the employed computational grid does not allow to adequately resolve the strong flow gradients that characterize these phenomena for high sedimentation rates and particle concentrations. In spite of these limits, the employed 10-m grid size along the ground appears to be adequate for the presented simulations of dilute flows and able to represent the large-scale behavior of these phenomena. Furthermore, present results strongly highlight the multiphase nature of these kinds of systems and demonstrate again that thermofiuiddynamics processes can be responsible for very complex and nonintuitive stratigraphic features that can be observed in the field.
Summary and Conclusions
The large-scale physical behavior of collapsing volcanic columns and pyroclastic flows has been investigated by a three-phase thermofiuid-dynamics flow model describing pyroclasts by two particulate solid phases. The model accounts for the mixing of hot water vapor and two solid phases leaving the vent with atmospheric air. The transport differential equations describing the conservation of mass, momentum, and energy were nu- 
